In this work, a new chromogenic calix(4)arene was functionalized onto self assembled monolayer (SAM) of cysteamine for cadmium ions detection and tested by using SPR measurement. The functionalization of modified SPR sensor is based on the oxidation of calixarene-SAM alcohol group to quinone. Four interfering ions were used Cu 2+ , Co 2+ , Mg 2+ and Ca 2+ . pH of sensor in which the sensitivity of sensor is higher was optimized for cadmium ions and detection of ions was made in basic solution. Detection limit reached for Cd 2+ is lower than 10 ¹11 M with a dynamic response time of about 16 s when changing from 10 ¹6 M cadmium to 10
Introduction
Environmental pollution is a real, growing problem that urgently needs to be controlled. A wide range of toxic inorganic and organic chemicals is currently discharged into the environment in the form of industrial waste and causes serious air, soil, and water contamination. 1) Heavy metals are commonly found in wastewaters from chemical manufacturing, paint and coating, mining, extractive metallurgy, nuclear, and other industries. These heavy metals must be removed completely prior to discharge of industrial wastes to the environment. Among the heavy metals, cadmium ions have attracted much attention because of their high toxicity and hazardous nature. 24) Cadmium is typically analyzed using prominent methods such as atomic absorption, 5, 6) ion chromatography 7, 8) and inductively coupled plasma-mass spectrometry (ICP-MS). 9, 10) These spectrometric methods offer good precision and resolution, but they are expensive and time-consuming, involve complex operation steps and are not suitable for onsite detection. 11, 12) Calixarenes are currently the subjects of study as chemical sensors and selective receptors due to their important functionalization and complexations possibilities. Among this sensors, different calixarene derivative may be found, thanks of their importance in the fields the medicine and the environment, in ions selective electrodes and in chromogenic sensors.
1317)
Many works were carried out based on calixarene molecule using polymer support and different measurement techniques to detect traces of ions were reported.
1820) The use of polymer as support for calixarene decreases the sensitivity of the sensor.
2123) It is shown that surface adsorption and bulk adsorption of polymers affect the sensitivity and the response time of sensor and exhibiting low vapor permeability.
One of the most widely used systems in the molecular selfassembled method is the chemisorption of sulfur derivatives (i.e. thiols, disul-fides) on gold surfaces.
2426) The advantages of SAMs include simplicity of preparation, versatility, stability, reproducibility and the possibility of introducing different chemical functionalities with high level of order on a molecular dimension.
2729) Several reports on the use of SAMs to improve selectivity and/or sensitivity of gold electrodes in a broad range of electroanalytical.
3035) In Ref. 30 ), a gold electrode modified with a self-assembled monolayer (SAM) of 3-mercaptopropionic acid (MPA) was evaluated a highly sensitive voltammetric sensor for heavy metals ions. A selective molecular interactions at an interface formed by self-assembly of a macrocyclic synthetic host, calyx(4)resorcinarene with four thiol groups (R4SH), are investigated. 31) They demonstrate that the noncovalent chemical selectivity of SAMs of hosts calyx(4) resorcinarene extends to isomers of several different guest molecules. A selectevive Quinone-functionalisedcalix(4) arenes having carboxylic acid groups or thiol groups were prepared. 32) The sensors exhibited a selective affinity towards specific hard metal ions in aqueous media. In 33, 34) fiber-optic biosensor based on localized surface plasmon resonance and covalent attachment of thionine onto gold electrode modified with cadmium sulfide nanoparticles were used for detection of cadmium. Low levels of cadmium ions was obtained by the under potential deposition on a selfassembled monolayer on gold electrode. 35) In this work, a chromogenic calix(4)arene molecule was immobilized onto modified SAM gold surface of an SPR sensor chip for cadmium ions detection. The functionalization of SPR sensor is based on the oxidation of calixarene-SAM alcohol group to quinone.
Experimental

SPR material and Principle
Surface Plasmon Resonance Spectrometer BIO-SUPLAR 2 (Analytical µ-Systems, Germany) produced by Biacorecampany was used. It is based on the Kretschmann type prism and GaAssolid-state laser ( = 670 nm).
The principle of detection is that SPR is detected by measurement of the intensity of the reflected light. At the SPR angle a sharp decrease or "dip" of intensity is measured. The position of the SPR angle depends on the refractive index in the substance with a low-refractive index close to the sensing surface. The refractive index near the sensor surface changes because of binding of ions to the surface. As a result, the SPR angle will change according to the amount of bound ions.
During a binding analysis SPR changes occur as a solution is passed over the surface of a sensor chip. To perform an analysis, one interactant is captured on a sensor surface. The sensor surface forms one wall of a flow cell. Sample containing the other interactants is injected over this surface in a precisely controlled flow. Fixed wavelength light, in a fan-shaped form, is directed at the sensor surface and molecular binding events are detected as changes in the particular angle where SPR creates extinction of light. This change is measured continuously to form a sensorgram ( Fig. 1 ), which provides a complete record of the progress of association or dissociation of the interactants.
Synthesis of the chromogenic amide derivative
calix (4)arene The synthesis of tetra-O-substituted calix(4)arene derivative was performed by the reaction sequence depicted in Fig. 2 . The treatment of p-tetrakis(phenylazo)calix(4) arene with tertiary acetamide (¡-chloro-N,N-diethylacetamide) in the presence of CaH 2 as base gave p-tetrakisphenylazocalix(4) arene tetra-amide derivative in cone conformation.
36)
Reagents and samples preparation
Several samples necessary to elaborate sensor were prepared. First, 10 ¹2 M of cysteamine solution was prepared in which sensor was immersed. Calix(4)arene solution was prepared by dissolved 5 mg of calix(4)arene powder in 2 mL of chloroform. Calix(4)arene was deposited on the sensor by dip-coating technique. This technique makes it possible to have homogeneous layers. A dilute sulfochromic oxidant solution and aqueous buffer solutions for different ions used in the concentrations range between 10 ¹12 M and 0.1 M were prepared. Phosphate buffer solutions PBS were prepared at different pH. 10 mM of EDTA was prepared for regeneration of sensor surface. (4) arene on the Self assembled monolayer of cysteamine onto gold surface A principle scheme for functionalization calix(4)arene-SAM onto gold surface for ions detection is presented in Fig. 3 . To functionalize SPR sensor, five steps are necessary:
Immobilization of calix
1. In the first step, the surface of gold was cleaned with acetone and ethanol, 2. After cleaning the surface of gold, the SPR sensor was immersed in 15 mM of cysteamine solution during two hours. A monolayer of cysteamine was attached covalently onto the surface of gold (Fig. 4) , 3. The cysteamine monolayer formed on the surface of gold was cleaned by ethanol for few minutes and drying by nitrogen gas, 4. Once the cysteamine was immobilised and cleaned, calix(4)arene was covalently bound to a cysteamine- assembled gold sensor (Fig. 5) . Oxygen donor group of calixarene react with amine of cysteaminemonolayer. (Fig. 6 ).
Results and Discussions
The influence of pH on ions detection was studied and optimized for each ion. All detection measurements were made by using SPR method and different solutions used were buffered to pH 7.3 using an appropriate PBS buffer.
Sensor characterization by electrochemical impe-
dance spectroscopy EIS The EIS is a powerful technique for characterization and studying electrical and electrochemical properties of a large variety of systems.
All electrochemical measurements were carried out using VOLTALAB 40 analyzer (PGZ301 & Volta Master 4). A three-electrode electrochemical cell was used, with the chemically gold electrode as the working electrode; A calomel electrode was used as the reference electrode and a platinum was used as the auxiliary electrode. Measurements were used in buffer solution at adjusted pH for about 7.3.
Concerning the use of EIS to characterize thin films in contact with electrolyte solutions, three different contributions, bulk, interfacial and electrolytes may be determined. 41) From an electrochemical point of view, when a metal is placed in contact with an electrolyte, a potential is generated due to the unequal distribution of charge across the interface, in addition, hydrated ions will not be able to approach indefinitely close to the interface. To explain such phenomena Helmholts has proposed the well-known theory of the double layer. This interface behaves as widely described by Randles' equivalent circuit, Fig. 7, 4244) in such model, the charge transfer resistance R1 is generally in parallel with the constant phase element CPE contained the modified layer capacitance and the double layer capacitance and in series with the solution resistance, Rs. The EIS measurements were used to characterize electrode functionalized. Figure 8 shows the faradaic impedance spectra presented as Nyquist plots (Zim vs. Zre) upon the assembly of the three layers on the electrode.
The bare Au electrode exhibits an almost straight line (curve (a)) that is characteristic of a mass diffusional limiting electron-transfer process. In the case of gold electron-transfer resistance is for about 8869 ³. Assembly of the cysteamine monolayer on the electrode surface (curve (b)) generates a layer on the electrode that introduces a barrier to the interfacial electron-transfer. This is reflected by the appearance of the semicircle part on the spectrum, corresponding to a charge transfer resistance of R 1 = 24613 ³ and a double High Sensitive Surface Plasmon Resonance (SPR) Sensor Based on Modified Calix(4)arene Self Assembled Monolayerlayer capacitance of C dl = 3.4 µF. The deposition of calix(4)arene onto SAM cysteamine layer results in an increase of the electron-transfer resistance to R 1 = 59900 ³ and a decrease of double layer capacitance to C dl = 1.5 µF (curve (c)). The covalent attachment of each layer increases the charge transfer resistance and reduces the double layer capacitance.
pH optimization
To optimize the pH of SPR sensor detection, 0.1 M PBS buffer solutions at different pH were used. The pH of buffer solution was adjusted by using 0.1 M of HCl or NaOH solution. Figure 9 shows that ions detection will be made in basic solution at pH range between 7 and 8 (7.3 for Cu 2+ and Cd ). This is in agreement with proton/ion exchange. 45, 46) At low pH, quinone protonated and ion complexation does not take place. At pH > 7, oxygen was deprotenated making the sensor surface become negatively charged. Thus, the incorporation of ion by the calix(4)arene-SAM also can be favored by electrostatic interactions. 30) Such coupling of favorable characteristics is probably the key to achieving the remarkable sensitivity to ions of the proposed sensor.
Sensor detection
For all ions, we observed that output refractive index increases with increasing ions concentration. As shown in Ref. 36 ) metal ions are coordinated with the oxygen atoms of the amide group and complexatation of ions takes place. Figure 10 shows . In the range of concentrations between 10 ¹6 M and 10 ¹12 M in which detection limits border were reached, high sensitivity values of SPR sensor were observed for cadmium ions. Comparative results show that functionalization procedure is adequate for copper and cadmium ions detection. We show that signal is proportional to the capacity of adsorbed ions on the surface of sensor which is in agreement with literature.
4749)
Different limits of detection observed for cadmium ions can be explained by several parameters: adsorption potential and formation of various metal hydroxides which not the same for different heavy metals ions and oxygen deprotonation making the sensor surface become negatively charged. 36, 5054) So, the incorporation of ion by the calix(4)arene-SAM can be favored by electrostatic interactions which influences directly the stability of complex formed and its association binding. 30, 55) Although the ionic force in aqueous medium and interactions between host and guest such as ³-stacking, dipolar-dipolar interactions have a strong influence on the stability of the complexes. 
Conclusion
We demonstrate the possibility to use a new functionalized chromgenic calix(4)arene molecule onto SAM of cysteamine for the determination of cadmium ions in real samples. Comparative results show that functionalization procedure is adequate for copper and cadmium ions detection. High sensitivity, low detection limit and response time of about 16 s were obtained for cadmium ions detection at optimized pH. Such coupling of favorable characteristics is probably the key to achieving the remarkable sensitivity to cadmium ions of the proposed sensors. We show that ions detection depend on functionalized procedure and pH of solution. This work open the way to sensor for selective ion detection and to the use of calix(4)arene in biochemistry field. 
